Introduction
============

The regulation of calcium (Ca) and phosphorus (P) is controlled mainly by the parathyroid hormone (PTH), vitamin D, and, to a lesser extent, calcitonin. Fibroblast growth factor 23 (FGF23) was discovered in the early 2000s, initially identified as the cause of several congenital and acquired diseases ^[@ref-1]--\ [@ref-4]^. Shimada and collaborators demonstrated the involvement of FGF23 in mineral homeostasis as a regulator of P and vitamin D metabolism ^[@ref-2],\ [@ref-5]^.

FGF23 is a 32 KDa protein produced primarily in bone by osteocytes and osteoblasts. FGF23 acts mainly in the kidney inducing phosphaturia by decreasing the expression of renal cotransporters NaPiIIa and NaPiIIc ^[@ref-5],\ [@ref-6]^. In addition, FGF23 reduces calcitriol -- 1,25(OH) ~2~D ~3~ -- by both decreasing 1α-hydroxylase and increasing 24-hydroxylase activities; these enzymes catalyze the synthesis and catabolism of 1,25(OH) ~2~D ~3~, the active metabolite of vitamin D, respectively ^[@ref-6]^. Parathyroid glands have been shown to be another target for FGF23, as it suppresses both PTH synthesis and secretion ^[@ref-7]^.

In order to exert its biological actions, FGF23 targets a FGF receptor (FGFR). FGF23 belongs to the family of endocrine FGFs, molecules with a very low affinity for their receptors. Thus, the FGFR requires a co-receptor that eases the ligand-receptor binding: αKlotho is the co-receptor for FGF23 ^[@ref-8]^.

In chronic kidney disease (CKD), the accumulation of P stimulates FGF23 production from the early stages of CKD. High levels of FGF23 are thought to contribute to the reduction in renal production of 1,25(OH) ~2~D ~3~, a key factor in the development of uremic hyperparathyroidism ^[@ref-9]^.

The regulation of FGF23 production has been investigated by several groups. It is well known that vitamin D upregulates FGF23 *in vivo* and *in vitro* ^[@ref-10]^. PTH also stimulates FGF23 production ^[@ref-11],\ [@ref-12]^. An increase in dietary P stimulates FGF23, although acute increases in serum P fail to increase FGF23 ^[@ref-9],\ [@ref-13]^. PHEX and DMP1, factors involved in the regulation of bone mineralization, also modulate FGF23 expression ^[@ref-14]^. Interestingly, intravenous iron induces transient elevations in the levels of FGF23 ^[@ref-15]^, and recent findings suggest that both leptin and estrogens also influence FGF23 expression ^[@ref-16],\ [@ref-17]^. The main regulators of FGF23 levels are summarized in [Figure 1](#f1){ref-type="fig"}.

![Overview of the main regulators of fibroblast growth factor 23 (FGF23) production.](f1000research-4-7745-g0000){#f1}

Recent studies reveal that the FGF23-Klotho axis is involved in renal ion transport through different mechanisms. FGF23 regulates sodium transport by modulating the sodium-chloride channel (NCC) in distal renal tubules ^[@ref-18]^, and Klotho influences the secretion of potassium by regulating the abundance of the renal outer medullary potassium channel 1 (ROMK1) ^[@ref-19]^.

Over the last few years, experimental and association studies have assessed the role of Ca as a modulator of FGF23 expression. Conversely, FGF23 also modulates renal Ca handling. Both aspects of the association between Ca and FGF23 will be discussed here.

Modulation of FGF23 expression by calcium
=========================================

Several lines of evidence point out that Ca is a direct regulator of FGF23. In vitamin D receptor (VDR)-null mice, with almost undetectable levels of FGF23, administration of high dietary Ca induced a marked elevation of FGF23 at both mRNA and protein levels ^[@ref-20]^. We obtained similar results using a different experimental approach ^[@ref-21]^. In rats fed with a diet deficient in Ca and vitamin D, the serum levels of FGF23 were extremely low despite very high PTH, which should stimulate FGF23 production. Analyzing the association between FGF23 and Ca ( [Figure 2](#f2){ref-type="fig"}), we found a positive and significant correlation (r ^2^=0.73; P\<0.001); interestingly, those rats with serum Ca below 1 mM had reduced FGF23, suggesting a threshold level of Ca above which an increase in FGF23 is allowed. In parathyroidectomized (PTx) rats that presented hypocalcemia, serum FGF23 concentration was low. In these PTx animals, an elevation of serum Ca after an acute (6-hour) infusion of Ca or after the chronic administration of a high-Ca diet produced an increase in serum FGF23. In these experiments, the increase in FGF23 was not explained by an increase in serum concentration of 1,25(OH) ~2~D ~3~ or P. Gravesen *et al.* ^[@ref-22]^ analyzed the effects of acute changes in serum Ca on FGF23 levels over a shorter period of time. After 60 minutes of hypocalcemic and hypercalcemic clamps, no changes were detected in FGF23, and the acute infusion of Ca in PTx rats did not modify serum FGF23 either. Therefore, it seems that the regulation of FGF23 by Ca is not produced in such a short time.

![Relationship between serum fibroblast growth factor 23 (FGF23) and ionic calcium in rats fed with a normal diet (r ^2^=0.07; P=0.66) or a calcium and vitamin D-deficient diet (r ^2^=0.73; P\<0.001) (dotted line).\
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In recent work by David *et al.* ^[@ref-23]^, the levels of Ca and 1,25(OH) ~2~D ~3~ were positively associated with FGF23 in wild-type, 1α-hydroxylase ^-/-^ and GCM2 ^-/-^ mice (P=0.048 and P=0.011, respectively) in a multivariate analysis of pooled data. This model is characterized by the absence of 1,25(OH) ~2~D ~3~ and PTH, and the administration of a rescue diet with a high content of Ca stimulated FGF23 and FGF23 mRNA expression. Importantly, the authors also observed that high Ca stimulated the activity of the FGF23 promoter in osteoblastic cells as well as the levels of FGF23 secreted. The effect of Ca on promoter activity was blocked by the addition of a Ca channel blocker to the culture medium. Conversely, treatment with Ca ionophores increased promoter activity. Although previous work by this group failed to find an effect of Ca on FGF23 promoter activity ^[@ref-10]^, the reason for such apparent disparity of results might reside in the characteristics of the cell lines used and/or the different Ca concentrations used in the experiments.

Studies by Dr Brown's laboratory examined the role of the calcium-sensing receptor (CaSR) in the regulation of FGF23 by Ca ^[@ref-24]^, as it constitutes the main mechanism of Ca sensing in the tissues involved in mineral homeostasis. They found that the stimulatory effect of Ca on FGF23 was present in the double knockout mice PTH-CaSR. Therefore, they concluded that the CaSR did not mediate the stimulation of FGF23 by Ca in bone cells. In addition, they found that concentrations of 5 mg/dl of P were required to enable the stimulation of FGF23 by Ca. Conversely, regulation of FGF23 by P is abolished when Ca is lower than 8 mg/dl; in fact, they obtained a better correlation between FGF23 and Ca × P (r=0.70) than between FGF23 and Ca or P individually (r=0.65 and 0.58, respectively).

In healthy humans, Vervloet and collaborators analyzed the effect of a Ca and P-rich diet on serum FGF23. Although the effects of the dietary Ca and P were not analyzed separately, the authors found an increase in FGF23 after 36 hours of consumption of the Ca and P-rich diet ^[@ref-25]^. More recently, a cross-sectional study performed in a cohort of middle-aged subjects analyzed the influence of demographic, clinical, and dietary factors on FGF23. In this work, intake of Ca and protein were analyzed individually, with dietary Ca intake significantly associated with higher levels of FGF23 (P=0.01) ^[@ref-26]^. These results are in concordance with previous findings in animals, with higher FGF23 associated with Ca intake.

The effects of acute infusions of sodium citrate and Ca have also been tested in parallel in healthy humans and in uremic patients. No changes in FGF23 were observed after an acute change (120 minutes) in serum Ca concentration in subjects with either normal or reduced renal function ^[@ref-27]^. According to these results, the regulation of FGF23 by Ca does not seem to be as rapid as that of PTH.

Also in the context of CKD, it is worth mentioning that association studies have found significant relationships between FGF23 and Ca. For instance, Imanishi and collaborators reported a positive correlation between FGF23 and Ca (r=0.355, P\<0.0001) ^[@ref-28]^. In a prospective study performed in transplant patients, Ca was independently associated with FGF23 levels (P=0.01) ^[@ref-29]^.

Taken together, these data support the idea of Ca as a modulator of FGF23 levels. However, the effect of Ca on FGF23 does not seem to be acute and may not be mediated by CaSR. The meaning of this regulation gains especial relevance in case of hypocalcemia associated with vitamin D deficiency. In such context, the over-suppression of vitamin D by FGF23 would further reduce the calcemia. Therefore, it seems logical that the level of serum Ca conditions that of FGF23. This would therefore constitute a defense mechanism against hypocalcemia.

Involvement of FGF23 in calcium homeostasis
===========================================

Despite the fact that FGF23 is considered essentially as a phosphatonin or hormone regulator of P metabolism, there is growing evidence about the involvement of FGF23 in the maintenance of Ca homeostasis.

Three of the four types of FGFR (FGFR1, 3, and 4) can be found in the proximal tubule of the kidney ^[@ref-6],\ [@ref-30]^. The deletion of any of them does not completely block the phosphaturic effect of FGF23, which suggests that this action is not mediated by a single receptor. Gattineni *et al.* identified FGFR1 and 4 as key elements for the phosphaturic response to FGF23 ^[@ref-31]^. While the action of FGF23 increasing phosphaturia takes places upon the interaction with its receptors in proximal tubules of the kidney, FGF23 increases Ca reabsorption by augmenting the expression of the transient receptor potential vanilloid type 5 (TRPV5) in distal tubules. TRPV5 is a glycoprotein essential for the handling of Ca at the kidney level.

It has been reported that Klotho itself controls TRPV5 in an FGF23-independent manner, therefore regulating renal Ca transport ^[@ref-32]^. In addition, Klotho also promotes the trafficking of TRPV5 from inside the epithelial cell ^[@ref-33]^. FGF23 has also been shown to increase Ca reabsorption by regulating the abundance of TRPV5, in an action that is mediated by the signaling pathways ERK1/2, SGK1, and WNK4 ^[@ref-34]^. It might be speculated that the FGF23-independent effects of Klotho appear to be related to the activation and trafficking of the TRPV5, whereas the actions of Klotho acting as a co-receptor of FGFR are involved in the maintenance of P and vitamin D levels. The phenotypical similarities between FGF23 ^-/-^ and Klotho ^-/-^ mutant mice would support this notion.

Kao *et al.* have reported the dysregulatory effect that FGF23 exerts at the cardiovascular level ^[@ref-35]^. FGF23 promotes the phosphorylation of proteins involved in Ca handling in HL-1 atrial cells, such as Ca/calmodulin-dependent protein kinase II (CaMKII) and phospholamban at threonine 17 (PLB). This effect may underlie the relationship between FGF23 and atrial fibrillation described by Seiler and collaborators ^[@ref-36]^.

FGF23 and Klotho contribute to conserving the level of Ca in the organism. This fact might have pathophysiological consequences in the context of CKD. Uremia is characterized by the presence of extraordinarily high levels of FGF23, which may help prevent the Ca loss.

Conclusion
==========

Systems regulating Ca and P homeostasis are closely related. This is illustrated by FGF23, which regulates Ca and P metabolism and is modulated by both elements. The effect of Ca as a regulator of FGF23 has been widely demonstrated. In studies carried out in experimental animals, Ca deficiency is associated with low FGF23, whereas Ca administration increases its levels. In healthy humans, higher dietary Ca is associated with higher FGF23, although this effect is not observed when Ca is administered acutely. In uremia, some studies point out an association between FGF23 and Ca. On the other hand, very recent work has shown how FGF23 regulates Ca homeostasis, increasing renal reabsorption in a mechanism involving TRPV5. The association between FGF23 and Ca might be relevant in CKD, when there is an imbalance in FGF23 production and risk of unfavorable effects associated with high Ca.

Forthcoming research should be focused on studying in depth the nature of the relationship between FGF23 and Ca, particularly in the context of CKD and its derangements in mineral metabolism. In addition, it is of outstanding importance to unravel the molecular mechanisms and signaling pathways underlying this regulatory feedback loop.

Abbreviations
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